Numerous studies have characterized the anti-diabetic effects of adiponectin yet the precise cellular mechanisms in skeletal muscle, in particular changes in autophagy, require further clarification. In the current study we used high fat diet (HFD) to induce obesity and insulin resistance in wild type (wt) or adiponectin knockout (Ad-KO) mice ± adiponectin replenishment. Temporal analysis of glucose tolerance and insulin sensitivity using hyperinsulinemic-euglycemic clamp and muscle IRS and Akt phosphorylation demonstrated exaggerated and more rapid HFD-induced insulin resistance in skeletal muscle of Ad-KO mice. SOD activity, GSH/GSSG ratio and lipid peroxidation indicated that HFD-induced oxidative stress was corrected by adiponectin and gene array analysis implicated several antioxidant enzymes, including Gpxs, Prdx, Sod and Nox4 in mediating this effect. Adiponectin also attenuated palmitate-induced ROS production in cultured myotubes and improved insulin-stimulated glucose uptake in primary muscle cells. Increased LC3-II and decreased p62 expression suggested that HFD induced autophagy in muscle of wt mice, however these changes were not observed in Ad-KO mice. Replenishing adiponectin in Ad-KO mice increased LC3-II and Beclin1 and decreased p62 protein levels, inducec FGF-21 expression and corrected HFD-induced decreases in LC3, beclin1 and ULK1 gene expression. In vitro studies examining changes in phospho-ULK1(Ser555), LC3-II and lysosomal enzyme activity confirmed that adiponectin directly induced autophagic flux in cultured muscle cells in an AMPKdependent manner. We overexpressed an inactive mutant of Atg5 to create an autophagy-deficient cell model and, together with pharmacological inhibition of autophagy, demonstrated reduced insulin sensitivity under these conditions. In summary, adiponectin stimulated skeletal muscle autophagy and antioxidant potential to reduce insulin resistance caused by HFD.
Introduction
Adiponectin normally circulates abundantly in the concentration range of 2-20ug/ml and decreased plasma adiponectin, in particular the high molecular weight (HMW) form, has been found in patients with obesity and type 2 diabetes (1) . Extensive studies have shown that adiponectin exerts beneficial anti-diabetic actions via direct metabolic and insulin-sensitizing effects in various tissues (2) . Skeletal muscle is the major site for glucose disposal and maintenance of insulin sensitivity is critical for optimal glucose homeostasis. Generation of reactive oxygen species (ROS) and the resulting oxidative stress, mitochondrial dysfunction and accumulation of triglyceride and lipotoxic metabolites have all been shown to contribute to insulin resistance (3; 4) .
Transgenic mice overexpressing adiponectin show improved insulin sensitivity and mitochondrial function (5; 6) while Ad-KO mice are more susceptible to HFD-induced insulin resistance.
In response to cellular stressors, increased levels of autophagy permit cells to efficiently adapt by altering protein catabolism, however autophagy is viewed as a double edged sword, with too much or too little and the temporal nature of the process determining cellular consequences (7; 8) . Several studies have recently begun to establish the importance of autophagy in skeletal muscle metabolism. In autophagydeficient mice with skeletal muscle-specific deletion of Atg7 the induction of Fgf21 expression in muscle mediated peripheral effects leading to protection from diet-induced obesity and insulin resistance (9) . Another mouse model of stimulus-deficient autophagy, the BCL2 AAA mice which contain knock-in mutations in BCL2 phosphorylation sites (Thr69Ala, Ser70Ala and Ser84Ala) that prevent autophagy activation, showed altered glucose metabolism during acute exercise, as well as impaired chronic exercisemediated protection against high-fat-diet-induced glucose intolerance (10) . Activation of autophagy in skeletal muscle has been reported by others in response to exercise and Page 3 of 42 Diabetes caloric restriction (11) (12) (13) (14) . The ability to induce autophagy has been shown to deteriorate with aging in skeletal muscle (15) . Thus, recent literature suggests that induction of skeletal muscle autophagy by various stimuli may give rise to beneficial metabolic effects. Numerous studies have also established the importance of crosstalk between autophagy and oxidative stress (16) .
It is clear that adiponectin exerts beneficial metabolic effects by direct actions and enhancing insulin sensitivity (2) , however the underlying molecular mechanisms are incompletely understood. We used Ad-KO mice fed HFD for 2, 4 and 6 weeks with and without adiponectin replenishment to examine corrective effects of adiponectin in this model. We examined changes in oxidative stress and underlying mechanisms and also established that adiponectin directly stimulates autophagy in skeletal muscle. These studies provide new insight into skeletal muscle actions of adiponectin which contribute to the beneficial anti-diabetic effects of this adipokine.
Stably transfected L6 cells were serum starved 4 hr or incubated with or without bafilomycin (200nM, 24hr), chloroquine (100µM, 24hr), compound C (10µM, 1hr)
followed by insulin stimulation (10, 100 nM, 5 min) or adiponectin (5µg/ml, 30 and 60 min) treatment. All tissue and cell samples were prepared as we described before (22) and primary antibodies used at 1:1000 dilution. Membranes were then washed four times in 1x wash buffer for 15 min each at room temperature and incubated with appropriate HRP-coupled secondary antibody (1:10,000) for 1 h. Membranes were washed five times in 1x wash buffer for 10 min each and proteins visualized using enhanced chemiluminescence. Non-denaturing, non-reducing conditions were applied to allow analysis of different forms of adiponectin (HMW>250KDa, MMW=180KDa and LMW=90KDa) with in-house polyclonal anti-adiponectin antibody in the concentration of 1ug/ml and anti-rabbit as secondary antibody. Quantitation of each specific protein band was then determined via densitometric scanning and correction for the respective loading control.
Superoxide dismutase (SOD) activity assay
Tissue specific SOD activity was assessed with a colorimetric kit "Superoxide Dismutase Activity Assay Kit" purchased from Biovision (California, USA). Gastrocnemius skeletal muscle samples were powderized in liquid N 2 and protein extracted according to manufacturer's instruction. Approximately 10µg protein from each sample was used to measure SOD activity under OD450nm by a microplate photometric reader. Data represented in the results section were normalized for protein concentration loaded for each sample.
Glutathione (GSH) assay
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Tissue specific total and reduced GSH level were analyzed with a "ApoGSH TM Glutathione Colorimetric Detection Kit" from Biovision (California, USA). Tibialis Anterior (TA) skeletal muscle samples were crushed into powder in liquid N 2 and protein extracted according to manufacturer's instruction. Same volume of lysate for each sample was used to determine total and reduced GSH level and assay read at 412nm by a microplate photometric reader. Data represented in the results section were normalized by protein concentration loaded for each sample.
TBARS assay
Tissue specific lipid peroxidation level was analyzed with a "Thiobarbituric Acid Reactive Substances (TBARS) Assay Kit" from Cayman Chemical (Michigan, USA). Tibialis Anterior (TA) skeletal muscle samples were crushed into powder in liquid N 2 and protein extracted according to manufacturer's instruction. In total 600ug protein from each tissue sample lysate was used to determine lipid peroxidation level and assay read at 540nm by a microplate photometric reader. Data represented in the results section were normalized by protein concentration loaded for each sample.
Oxidative stress-related and autophagy-related gene expression analysis.
Gastrocnemius skeletal muscle samples collected from animals were powderized in liquid N 2 and total RNA extracted with TRIzol reagent (Invitrogen Life Technologies, Burlington, ON) and cleaned up by RNEasy mini-ki (Qiagen, Toronto, Ontario). cDNAs were synthesized by reverse transcription with 1µg total RNA by using RT² First-Stand cDNA Synthesis Kit (Qiagen). A mixture of cDNAs and RT 2 qPCR Master Mix was aliquoted to 96-well plates pre-coated with primers encoding different genes involved in the regulation of oxidative stress pathway (Qiagen). The plate was loaded onto a qPCR machine and real time PCR program was set according to the company's instruction. 
Immunofluorescent analysis of endogenous LC3
Analysis of LC3 cellular localization was performed by culturing cells on glass cover slips and treating with adiponectin for 1hr and 2hrs. Thereafter, the media was aspirated and Cell culture using L6 and primary skeletal muscle cells.
We used the L6 skeletal muscle cell line grown as previously described (17) for some in vitro studies as indicated in figure legends. To prepare primary skeletal muscle cells we also isolated muscle strips from mouse hind leg and cut them into small pieces which were then incubated in 3ml dipase/collagenous solution (0.1 type II collagenase + 0.05% dipase in serum free Ham's F12 media) for 30mins in 37ºC water bath with agitation (~100rpm). Digested solutions were then filtered through a 100um cell filter, and only flow through was collected and centrifuged at room temperature for 7mins at 1600rpm.
The cell pellet was then resuspended in growth media (10% FBS, 0.5% antibiotics and antimycotics, 5ng/ml rhFGF in Ham's F12) and plated onto a 35mm dish overnight. The supernatant which contained non-adherent cells were then seeded on a laminin-coated 35 mm dish. These cells were differentiated into myotubes in Ham's F12 media containing 2% horse serum for 5-7 days and experiments were performed using fully differentiated myotubes.
Generation of L6 cell line with stable overexpression of tandem RFP/GFP-LC3 (tfLC3) or
ATG5-K130R by retroviral infection
We used the L6 skeletal muscle cell line for in vitro studies. After identifying relevant and unique restriction sites matching with the retroviral cloning vector pQCXIP, and RFP/GFP-LC3 target vector, ptfLC3 (Addgene), the retroviral vector expressing the gene of interest, tfLC3, and all other essential elements for retroviral integration and expression was successfully generated and purified. We also subcloned the target RFP-ATG5-K130R sequence from the vector pmCherry-ATG5-K130R (Addgene) into the 
Analysis of autophagic flux using tandem RFP/GFP-LC3
L6 cells stably transfected with tfLC3 were seeded on glass cover slips and cells were then maintained in culture medium until reaching 70-80% confluence then treated with adiponectin (5ug/ml up to 24hr). Cells were then washed with PBS (phosphate-buffered saline) and fixed with 4% paraformaldehyde for 20 min, followed by permeabilization with 0.1% Triton X-100 for 3 minutes. Cells were blocked with PBS containing 3%BSA
for 30 minutes at room temperature. After washing three times with PBS, coverslips were mounted with Dako fluorescence mounting medium (Dako North America Inc, CA), and GFP and RFP fluorescence detected by confocal microscopy. Olympus confocal microscope equipped with a 60X objective.
Analysis of cathepsin B activity using MagicRed
2-Deoxy-glucose uptake
L6 myoblasts stably overexpressing GLUT4-myc (17) were incubated with media contaiing 0.5% FBS with or without bafilomycin (200nM, 24hr) or chloroquine (100µM, 24hr) followed by insulin (10 and100 nM, 20 min). After treatments, glucose uptake was determined as previously described (17).
Statistical analysis
All data were analyzed by using Graphpad Prism 5 and presented as means ± S.E.M.
One-way or two-way ANOVA was performed where appropriate and differences were considered statistically significant at P<0.05.
Results
We first validated the model used here to study the mechanisms via which adiponectin improved insulin sensitivity. Temporal analysis after 2, 4 and 6 weeks of HFD of area under curve upon glucose tolerance test (Fig 1A) , plasma insulin (Fig 1B) , plasma glucose ( Fig 1C) and HOMA-IR ( Fig 1D) This was evident from decreased glucose infusion rate (Fig 2A) and insulin altered glucose appearance rate (Fig 2B&E) , despite an increased glucose disappearance rate ( Fig 2C&E) . After 2wks high fat diet, but not after 6 weeks (22), we observed an elevation in insulin stimulated glucose uptake in skeletal muscle, indicating an important initial compensatory role of skeletal muscle in maintaining whole body glucose homeostasis in the Ad-KO mouse. There was no difference observed in the glycolytic rate in Ad-KO mice fed either chow or HFD for 2wks (Fig 2D) .
We next examined changes in oxidative stress and observed a rapid significant decrease in SOD activity after 2 weeks of HFD in Ad-KO, but not wt, mice (Fig 3A) . After 4 weeks, HFD-induced a decrease in SOD activity in both groups of mice. Interestingly, this decreased SOD activity was transient and recovered in both wt and HFD mice after 6 weeks HFD (Fig 3A) . Under chow fed conditions, Ad-KO mice had a lower GSH/GSSG ratio than wt mice ( Fig 3B) and there was an increase in GSH/GSSG ratio in muscle of
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Ad-KO mice after 4 and 6 weeks of HFD (Fig 3B) . Wt mice showed an apparent decrease after 2 weeks and a significant decrease in GSH/GSSG ratio after 4 weeks of HFD (Fig 3B) . After replenishing normal circulating levels of adiponectin to Ad-KO mice we observed that the HFD-induced decrease in SOD activity was corrected (Fig 3C) .
Furthermore, analysis of lipid peroxidation using TBARS assay confirmed an elevated level of oxidative stress in muscle of Ad-KO mice after 2 weeks of HFD and this was corrected in mice which received adiponectin replenishment (Fig 3D) . Analysis of ROS generation in response to palmitate in vitro using L6 myotubes confirmed adiponectin's effect on preventing free fatty acid induced oxidative stress (Fig 3E) . We measured glucose uptake in primary skeletal muscle cells to determine changes in insulin sensitivity and found that adiponectin enhanced sensitivity of cells to submaximal (10nM) insulin concentration and that palmitate-induced insulin resistance was alleviated in the presence of adiponectin (Fig 3F) .
To further investigate potential mechanisms underlying these changes we performed gene array analysis of those implicated in regulation of oxidative stress. Within a total of 84 genes which were analyzed, high fat diet altered the expression of genes involved in the regulation of not only glutathione peroxidase, peroxiredoxin, superoxide dismutase, superoxide metabolism but also oxidative stress responsive and oxygen transporter genes ( Fig 4A) . Adiponectin supplementation effectively reversed HFD-induced changes in expression of several of the main anti-oxidant genes: Gpx1&3, SOD1&2, Prdx1,3&4, Ptgs 1&2 (Fig 4B) . HFD also induced the reactive oxygen species production gene Nox4 and a direct upregulation of the copper chaperone for superoxide dismutase (Ccs) by adiponectin was also observed (Fig 4B) . A heat map showing specific information on the full range of genes tested and changes therein is shown in supplementary figure 2.
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We investigated temporal changes in skeletal muscle autophagy in these mice using well established markers. HFD feeding for 6 weeks significantly increased levels of LC3-II in wt skeletal muscle, but this was not observed in Ad-KO mice (Fig 5A) . Original
Western blot data is shown for all autophagy analysis in supplementary figures 3 and 4.
We found that replenishing adiponectin to Ad-KO mice restored the higher level of LC3-II expression (Fig 5B) . A decrease in p62 levels was observed at all time points in wt mouse muscle, however accumulation of p62 was evident in Ad-KO mouse muscle ( Fig   5C) , the latter being reduced by adiponectin supplementation (Fig 5D) . The enhanced LC3-II levels observed after 6 weeks of HFD in wt mice correlated with enhanced expression of beclin1 (Fig 5E) . Beclin1 expression did not change in Ad-KO mice, however adiponectin did induce beclin1 expression in muscle of these mice (Fig 5E) .
Skeletal muscle FGF-21 content was enhanced after 2, 4 and 6 weeks of HFD only in wt mice (Fig 5G) , however replenishing adiponectin in Ad-KO mice led to increased FGF-21 expression (Fig 5H) . We also analyzed changes in expression of genes which play a key role at various stages of autophagic flux. Our data indicated that HFD decreased expression of several autophagy-related genes and three of these, beclin1, LC3 and ULK1, were corrected by adiponectin treatment (Fig 5I) .
We then examined changes in autophagy in cultured skeletal muscle cells treated with or without adiponectin. Conversion of LC3-I to LC3-II is the most widely used marker for autophagosomes and when this was assessed by Western blotting (Fig 6A) we found increased LC3-II levels after adiponectin treatment. We hypothesized that the mechanism via which adiponectin stimulated autophagy was via AMPK and after inhibition of AMPK using compound C, adiponectin stimulated LC3-II formation and phosphorylation of ULK1 on Ser555 was attenuated (Fig 6A) . Autophagosome formation in response to adiponectin was also confirmed by punctate appearance of endogenous
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LC3 upon immunofluorescent detection (Fig 6B) . To more accurately examine autophagic flux we generated skeletal muscle cells stably overexpressing RFP/GFP-LC3. This approach is advantageous in that it allows analysis of autophagic flux since GFP, but not RFP, is sensitive to quenching by the acidic environment of the autophagolysosome. We observed that adiponectin initially stimulated punctate appearance of fluorescent LC3 while comparison of merged images showing maintained red and decreased green fluorescence indicated completion of autophagic flux in response to adiponectin (Fig 6C) . Lysosomal enzyme activity, measured using MagicRed, was increased in response to adiponectin (Fig 6D) . We used bafilomycin or chloroquine to inhibit autophagic flux and demonstrated that this led to decreased insulin-stimulated glucose uptake (Fig 7A) . Similarly, insulin-stimulated phosphorylation of IRS1 (Tyr612), Akt (Thr308) and Akt (Ser473) was attenuated under these conditions as seen in the representative Western blots (Fig 7B) and quantitative analysis (Fig 7C-E) . We also generated L6 skeletal muscle cells stably overexpressing the dominantnegative inhibitor of autophagy (Atg5K130R). In these autophagy-deficient cells we also observed a reduction in insulin stimulated phosphorylation of IRS1 and Akt as seen in the representative Western blots (Fig 7F) and quantitative analysis (Fig 7G-I ).
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Discussion
Numerous studies have demonstrated that adiponectin improves insulin sensitivity and alleviates metabolic dysfunction in skeletal muscle (2; 18). Various mechanisms via which adiponectin acts have been established, yet further detailed investigation and uncovering of novel aspects is needed. Here, we used Wt and Ad-KO (± adiponectin replenishment) mice fed chow or HFD. We previously validated that HFD-fed Ad-KO mice developed skeletal muscle insulin resistance and glucose intolerance and that replenishment of adiponectin corrected these defects (19) . We also conducted a metabolomic profiling analysis and found that adiponectin alleviated HFD-induced changes in metabolites such as several diacylglycerol species, branched-chain amino acids and various lysolipids (19) . Here, an important goal of our study was to analyze temporal changes (at 2,4,6 weeks) in glucose homeostasis (glucose tolerance test and hyperinsulinemic-euglycemic clamp) and skelatal muscle insulin sensitivity to confirm an exaggerated and more rapid effect in Ad-KO mice which was alleviated by administering recombinant adiponectin.
Oxidative stress is well established as a causative factor in the development of skeletal muscle insulin resistance and mitochondrial dysfunction and one which can be modified by adiponectin (3; 4; 18; 20). One conclusion from our current study is that the ability of However, replenishing adiponectin to the circulation of HFD-fed Ad-KO mice restored the increase in LC3-II formation and reduced accumulation of p62. Based on our data and recent studies which have begun to document the association between skeletal muscle autophagy and metabolism (9; 10; 28; 29) we propose an important role of adiponectin in the ability of skeletal muscle to elevate autophagy in response to HFD.
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To further investigate this observation we then examined whether adiponectin directly induced autophagy in skeletal muscle cells. We measured autophagic flux using a combination of approaches to determine autophagosome formation and autophagolysosomal formation and activity (25) (11) should also be further investigated, for example using autophagy-deficient animal models.
In summary, this work significantly extends our understanding of mechanisms via which adiponectin alleviates HFD-induced insulin resistance and metabolic dysfunction in skeletal muscle. In particular, we document that HFD-induced obesity elicits increased skeletal muscle autophagy and for the first time show the facilitatory role of adiponectin in this process. We propose that adiponectin stimulates autophagic flux in skeletal muscle, especially under pathological conditions, and that this represents an important mechanistic component of its beneficial metabolic effects. Nevertheless, other cellular events such as oxidative stress precede changes in autophagy and autophagy itself may still be viewed as a doubled edged sword whereby too much or too little and the temporal nature of the process can determine distinct cellular consequences (7; 8). Page 26 of 42 Diabetes palmitate for 2 hrs (E) and 48 hrs (F) followed by analysis of oxidative stress by ROS production (E) and insulin resistance by glucose uptake (F). Flow cytometry was used to detect intracellular ROS followed by H2DCFDA staining for 30mins (E). Insulin was used at submaximal (10nM) and maximal (100nM) concentrations during the final 1 hr before glucose uptake assay (F; pmol/mg/min). Data represent mean ± SEM; n=4-5. * significant difference compared to control; # significant difference compared to palmitate or 60% high fat diet (HFD) at the age of 6wks for the period of 2,4 and 6 wks. In additional studies with Ad-KO mice, after 2 wks and 6 wks these mice were treated with either saline or adiponectin (Ad) at a dosage of 3ug/g body weight twice a day via intraperitoneal injection for an additional 1 wk and 2 wks, respectively. Skeletal muscle samples were collected after 5-6 hrs fasting for subsequent analysis by Western blotting.
In WT and KO animals on Chow or HFD for 2, 4 and 6 weeks we examined expression 
Supplementary Figure 4
Representative Western blots for LC3, p62, Beclin1 and FGF21 in AdKO mice at 2 and/or 6 weeks after HFD feeding ± adiponectin replenishment. Quantitative analysis of samples shown in figure 5 .
